A polymorphism in the gene encoding CCR2 is associated with a delay in progression to AIDS in human immunodeficiency virus (HIV)-infected individuals. The polymorphism, CCR2-64I, changes valine 64 of CCR2 to isoleucine. However, it is not clear whether the effect on AIDS progression results from the amino acid change or whether the polymorphism marks a genetically linked, yet unidentified mutation that mediates the effect. Because the gene encoding CCR5, the major coreceptor for HIV type 1 primary isolates, lies 15 kb 3 to CCR2, linked mutations in the CCR5 promoter or other regulatory sequences could explain the association of CCR2-64I with slowed AIDS pathogenesis. Here, we show that CCR2-64I is efficiently expressed on the cell surface but does not have dominant negative activity on CCR5 coreceptor function. A panel of peripheral blood mononuclear cells (PBMC) from uninfected donors representing the various CCR5/CCR2 genotypes was assembled. Activated primary CD4 ؉ T cells of CCR2 64I/64I donors expressed cell surface CCR5 at levels comparable to those of CCR2 ؉/؉ donors. A slight reduction in CCR5 expression was noted, although this was not statistically significant. CCR5 and CCR2 mRNA levels were nearly identical for each of the donor PBMC, regardless of genotype. Cell surface CCR5 and CCR2 levels were more variable than mRNA transcript levels, suggesting that an alternative mechanism may influence CCR5 cell surface levels. CCR2-64I is linked to the CCR5 promoter polymorphisms 208G, 303A, 627C, and 676A; however, in transfected promoter reporter constructs, these did not affect transcriptional activity. Taken together, these findings suggest that CCR2-64I does not act by influencing CCR5 transcription or mRNA levels.
Human immunodeficiency virus (HIV)-infected individuals
progress to disease at widely differing rates, with some individuals becoming symptomatic in 2 to 3 years and others remaining asymptomatic for more than 10 to 15 years (14, 44) . The factors that influence disease progression rates are not well understood. In some cases, long-term nonprogression can be attributed to infection with a partially attenuated virus (21, 29, 31, 42) . However, in many cases, no alterations in the virus are detected (19) , suggesting that host factors are likely to contribute to pathogenicity.
Several polymorphisms in the human genome appear to play a role in disease progression rates. A CCR5 allele containing a 32-bp deletion in the CCR5 coding region (CCR5 ⌬32) is present in northern European populations at a frequency of about 0.2 (10, 27, 43) . The protein encoded by this allele is nonfunctional, both as a chemokine receptor and as an HIV type 1 (HIV-1) coreceptor (27) . Homozygotes are strongly although not absolutely (2, 5, 39, 47) protected from infection, while heterozygotes progress to disease with a delay of about 2 years compared to wild types in some (10, 13, 20, 30, 32, 51) but not all (18, 33, 36) cohorts examined. A possible explanation for the association of the mutant allele with decreased pathogenicity derives from the finding that CD4 ϩ T cells from CCR5 ϩ/⌬32 individuals express on average 50% of wild-type levels of CCR5 and as a result support decreased levels of macrophagetropic (M-tropic) HIV-1 replication (40, 50) .
A polymorphism in CCR2, the gene encoding the receptor for the C-C chemokines MCP-1 to -4 (4, 15), appears to delay AIDS progression to an extent similar to that of CCR5 ⌬32 (22, 36, 45) . The polymorphism, a G-to-A transition at position 190, changes CCR2 codon 64 from valine to isoleucine, introducing a conservative change into the first transmembrane domain. The allele is present at a frequency of 0.1 to 0.25 in various populations and is not associated with any clinical abnormality. The effect of CCR2-64I was more pronounced in seroconverting than seroprevalent individuals (22, 32) and more pronounced in African Americans than caucasians (36) . A polymorphism in the 3Ј untranslated region of the gene encoding the ligand for CXCR4, stromal cell-derived factor 1, also appears to influence disease progression rates (36, 49) .
The mechanism by which CCR2-64I influences AIDS pathogenesis is not clear. It is possible that its effects on pathogenicity are caused by the 64I missense mutation itself. For ex-ample, the variant CCR2-64I protein could have diminished coreceptor function. However, this possibility seems unlikely given the minor role of CCR2 as an HIV-1 coreceptor. Alternatively, CCR2-64I could have dominant negative activity that interferes with CCR5 coreceptor function. Another possibility is that the CCR2-64I polymorphism does not act directly but is linked to a yet unidentified polymorphism in a gene that influences AIDS pathogenesis. CCR2 is located about 15 kb 5Ј to CCR5 in the human genome. CCR5 coding region polymorphisms have not been found associated with CCR2-64I; however, linked regulatory mutations could exist that influence CCR5 expression and thereby account for the association of CCR2-64I with decreased disease progression.
The CCR5 gene consists of four exons spanning 8 kb: three that constitute the 5Ј untranslated region and a fourth that contains the entire coding sequence (37) . Transcription appears to initiate at either the first or the third exon and is driven by two different promoters, Pu and Pd, that are separated by approximately 800 bp (16, 28, 35, 37) . In activated T cells, the majority of transcripts appear to have initiated from Pd (28) .
Several polymorphisms within the CCR5 promoter region have been identified. One of these, 927T, lies in the region 3Ј to the Pd transcription start site and is usually found in association with CCR2-64I (22, 36) . In addition, four other point mutations within the promoter region, at positions 208, 303, 627, and 676, are typically found on CCR2-64I alleles (36) . Such mutations could conceivably affect CCR5 transcription, altering the ability of T cells to support HIV replication in a manner analogous to that of CCR5 ⌬32.
We report here the results of studies aimed at distinguishing between the various mechanisms by which CCR2-64I might alter HIV-1 pathogenicity. We tested whether CCR2-64I acts directly by influencing CCR5 expression or coreceptor activity in transfected cells or whether it influences HIV-1 replication, CCR5 cell surface levels, or CCR5 mRNA levels in primary CD4 ϩ T cells. These questions were addressed both in cell lines stably expressing retroviral vector-transduced CCR5 and CCR2 or CCR2-64I and in a panel of donor T cells representing each of the CCR5/CCR2 genotype combinations. The results suggest that CCR2-64I does not have dominant negative activity on CCR5 expression or coreceptor activity. In CCR2-64I heterozygous and homozygous T cells, the CCR2-64I allele is transcribed at wild-type levels and the cells support wild-type levels of M-tropic HIV-1 replication. Furthermore, while there are four single-nucleotide promoter polymorphisms genetically linked to CCR2-64I, these did not influence transcriptional activity of the promoter in reporter assays.
MATERIALS AND METHODS
CCR5 and CCR2 genotyping. Genomic DNA was purified by using a QIAamp kit (Qiagen) from peripheral blood mononuclear cells (PBMC) of 827 uninfected donors randomly selected from the REDS (Retroviral Epidemiology Donor Study) repository (52) . DNA was amplified by PCR using primers flanking CCR5 ⌬32 or CCR2-64I. Primers for CCR5 ⌬32 were those previously described by Liu et al. (27) (SP4.760 [5Ј-CTT CAT TAC ACC TGC AGC TCT] and PM6.942 [5Ј-CAC AGC CCT GTG CCT CTT CTT C]). CCR2 genotype was detected by using primers described by Michael et al. (32) . Amplicons were cleaved with BsaBI to distinguish the wild-type allele from the mutant allele (32) and visualized on ethidium bromide-stained agarose gels.
Expression of chemokine receptors in retroviral vector-transduced cell lines. Wild-type CCR2 and CCR2-64I were cloned into the retroviral vectors pBABE. puro and pBABE.neo (34) . Expression vectors for both molecules were constructed by amplifying the coding exons from genomic DNA of individuals with the appropriate CCR2 genotype, using sense and antisense primers containing BamHI and XhoI restriction sites (5Ј-GCT CAG GAT CCT GAG ACA AGC CAC AAG CTG AAC AG and 5Ј-GTG CCT CTA GAC TGA ATG CGT GAG CCC TTT GCT C, respectively). Amplicons were cleaved and ligated to BamHIand SalI-cleaved pBABE-neo and pBABE.puro. The complete sequence of each insert was determined. Retroviral stocks were prepared as described previously (24) except that 293 cells instead of COS cells were transfected and vesicular stomatitis virus G-protein (VSV-G) pseudotypes instead of amphotropic murine leukemia virus (MLV) pseudotypes were prepared. HOS.CD4 or CEMx174 cells were infected with 1 ml of CCR5 pBABE.puro retrovirus, 2 days later selected in puromycin (1 g/ml) for about 2 weeks, then infected with CCR2 or CCR2-64I pBABE.neo virus, and selected in G418 for another 2 weeks. HOS.CD4 cells expressing CCR2 or CCR2-64I without CCR5 were established by using pBABE. puro viruses. Expression levels were verified by fluorescence-activated cell sorting (FACS) analysis with anti-CCR5 monoclonal antibody (MAb) 2D7 and anti-CCR2 MAb 1D9 (25) .
HIV replication kinetics. PBMC were obtained from whole blood from healthy, HIV-1-seronegative individuals. Cells were purified by centrifugation through Ficoll density gradients and frozen in aliquots at Ϫ150°C. For infection, cells were thawed at 37°C, washed in phosphate-buffered saline (PBS) and cultured for 2 days in RPMI-10% fetal bovine serum (FBS) containing interleukin-2 (IL-2) (100 U/ml) and phytohemagglutinin (PHA; 5 g/ml). After 3 days, the cells were centrifuged and resuspended in medium containing IL-2. The next day, the cells (10 5 ) were infected in a volume of 300 l with 1 ng p24 gag of each HIV-1 isolate (corresponding to a multiplicity of infection [MOI] of 0.001 to 0.002). Virus isolates MJM and JDC were derived from the lymphocytes of patients recently infected with HIV-1. Both viruses were grown by short-term propagation in PHA-stimulated donor PBMC and were restricted to using CCR5 as a coreceptor. The next day, the cells were washed twice in culture medium and resuspended in 500 l of culture medium containing IL-2. At indicated days postinfection, half of the medium was collected and replaced with fresh medium containing IL-2. p24 gag concentrations were measured by enzyme-linked immunosorbent assay (ELISA).
Luciferase reporter virus assays. Single-cycle reporter virus assays were used as described previously (9, 11) . Briefly, reporter viruses were prepared by cotransfecting 293 cells with NL4-3-based reporter plasmid NL-Luc.R Ϫ E Ϫ and either M-tropic Env expression vector pSV-JR.FL.Env or VSV-G expression vector. Viruses were harvested and frozen at Ϫ80°C in aliquots. Retroviral vector-transduced HOS (5 ϫ 10
3 ) or CEMx174 cells (10 5 ) were infected in a volume of 100 l with 10 ng p24 gag reporter virus. Cells were lysed 3 days postinfection, and luciferase activity was measured by using commercial reagents (Packard).
RT-PCR. Total RNA was prepared using Triazol (Gibco/BRL) from fresh or PHA-IL-2-activated PBMC. Contaminating genomic DNA was removed by treating with RNase-free DNase (Boehringer Mannheim). cDNA was generated from 1 g of RNA by using Moloney murine leukemia virus reverse transcriptase (RT; Gibco/BRL) and oligo(dT). CCR5 and CCR2 cDNAs were amplified as for the genotypic analysis except that 5 Ci [␣-32 P]dCTP was added to the PCR mixture. In addition, glyceraldehyde phosphate dehydrogenase (GAPDH) cDNAs were amplified as a control, using specific primers. Parallel reactions were prepared in which RT was omitted from each sample to confirm the absence of genomic DNA contamination. PCR products were separated by 6% polyacrylamide gel electrophoresis and quantitated with a STORM PhosphorImager (Molecular Dynamics).
FACS analysis. Fresh or PHA-IL-2-activated PBMC were stained with anti-CCR5 MAb 2D7-phycoerythrin (PE), anti-CD4 MAb Leu3a-fluorescein isothiocyanate (FITC; Becton Dickinson), and anti-CCR2 MAb 1D9 (25) . Cells were incubated with MAb for 15 min at room temperature in 0.1 ml of PBS-1% fetal calf serum (FCS) containing 0.1% sodium azide. For staining with 1D9, cells were washed with PBS and incubated an additional 15 min with goat anti-mouse immunoglobulin G-PE (BioSource). The cells were then washed in PBS and incubated with PBS-10% normal mouse serum. After 15 min, Leu3a-FITC was added. The cells were incubated 15 min, washed, and analyzed. Fluorescence was measured on a FACSCalibur (Becton-Dickinson), and 10,000 events were collected.
Promoter analysis. A 1-kb genomic DNA fragment containing the CCR5 promoter region from positions 58531 to 59555 (numbered according to GenBank accession no. U95626) was amplified from human genomic DNA of CCR2 ϩ/ϩ or 64I/64I individuals. PCR was performed with Expand polymerase (Boehringer Mannheim), using a sense primer (5Ј-GAT CGG TAC CAG CCA AGG TCA CGG AAG C) and an antisense primer (5Ј-GAT CAA GCT TGG GGA ACG GAT GTC TCA GC) for 25 cycles of 94°C for 45 s, 60°C for 45 s, and 72°C for 1 min. PCR products were cloned into the KpnI and HindIII sites 5Ј to the luciferase reporter gene in pGL3 (Promega), and their nucleotide sequences (nucleotides [nt] 58568 to 59530) were determined on an ABI 370 automated sequencer (Applied Biosystems). A single point mutation was found in 64I(2) at position Ϫ133, apparently the result of a PCR. Independent PCR products from the same donor did not contain this mutation.
Promoter activity was quantified as described previously (28) . Briefly, Jurkat cells were resuspended in RPMI-10% FCS at 0.5 ϫ 10 6 cells per ml the day before transfection. The cells ( 10 7 ) were cotransfected by electroporation with 18 g of reporter plasmid plus 2 g of plasmid pc␤-gal (Invitrogen) at 200 V and 960 F in 200 l of RPMI-10% FBS-37.5 mM NaCl. Two days posttransfection, the cells were lysed in 100 l of lysis buffer (Promega). Luciferase and ␤-galactosidase activities in 20 l of lysate were measured by light emission assays using commercial reagents (Promega and Tropix, respectively). Results are reported as the average relative luciferase activity and are normalized for ␤-galactosidase activity.
[Ca 2؉ ] flux measurement. [Ca 2ϩ ] flux was measured essentially as described elsewhere (38) . Cells were harvested, washed with SR buffer (136 mM NaCl, 4.8 mM KCl, 5 mM glucose, 1 mM CaCl 2 , 0.025% [wt/vol] bovine serum albumin, 20 mM HEPES [pH 7.6]), and then incubated in SR buffer containing 10 M Fura-2AM (Sigma) for 60 min at 37°C in the dark. The cells were washed twice with SR buffer, warmed to 37°C, and resuspended in SR buffer to ϳ4 ϫ 10 6 cells/ml. A 2-ml aliquot was then placed in a continuously stirred cuvette at 37°C in a Perkin-Elmer LS50 Spectrometer for 2 min. Fluorescence was recorded every 100 ms at an excitation of 340 nm and an emission of 500 nm. The cell lines were diluted to give identical baseline fluorescence emission. After 40 s of measurement, agonist diluted in PBS was added and fluorescence emission was recorded for an additional 100 s. Lysis with detergent demonstrated equal Fura-2AM loading between the two cell lines.
Chemokine quantitation. Frozen PBMC from REDS donors were thawed and cultured at 10 6 /ml for 2 days in RPMI-10% FCS with or without IL-2 (10 U/ml) and PHA (5 g/ml). Culture supernatants were then sampled and chemokines were quantitated by commercial ELISA (R & D Systems).
RESULTS

Assembly of a panel of PBMC from REDS donors representing the various CCR5/CCR2 genotypes.
To establish a panel of uninfected donors representing each of the CCR5 and CCR2 haplotypes, we determined the genotypes of 827 REDS donors (7, 52) . Genomic DNA was purified from cryopreserved donor PBMC, and genotypes were determined by PCR using appropriate primers flanking CCR5 ⌬32 or CCR2-64I as previously described (27, 32) . Of the nine possible genotypes, six were represented in the panel (Table 1) ; 69.8% of the individuals were wild type at both loci, 16.4% were heterozygous for CCR5 ⌬32 alone, 11.1% were heterozygous for CCR2-64I alone, and 1.3% were heterozygous at both loci. Three individuals (0.36%) were homozygous for CCR5 ⌬32, and nine (1.0%) were homozygous for CCR2-64I. These frequencies are similar to those reported in previous studies (22, 32, 45) . Three genotypes, CCR5 ⌬32/⌬32 CCR2-64I/64I, CCR5 ⌬32/⌬32 CCR2 ϩ/64I, and CCR5 ϩ/⌬32 CCR2-64I/64I, were not represented. This absence probably reflects the evolutionary history of the two alleles. Since they are believed to have originated relatively recently and are separated physically by only 15 kb, recombination that would place the two polymorphisms on the same chromosome has not yet occurred at a significant frequency (45) . Donors of various haplotypes were randomly chosen for further analysis. We focused primarily on CCR2 64I/64I homozygous rather than heterozygous donors since these were expected to serve as a more sensitive means of detecting subtle effects on CCR5 expression. Cell surface expression of CCR5, CCR2, and CXCR4. If CCR2-64I were associated with linked mutations in CCR5 regulatory sequences, then cells with the allele, especially those homozygous for the mutation, ought to have altered levels of cell surface CCR5. If the linked mutation were to lie in a regulatory sequence controlling expression of a larger region of the chromosome, then it might also affect expression of CCR2 itself. To test these possibilities, we stained PHA-IL-2-activated cells from donors of each genotype with anti-CCR5 MAb 2D7 (50), anti-CCR2 MAb 1D9 (25) , and anti-CXCR4 MAb 12G5 (12) (Fig. 1) . FACS analysis showed that while CCR5 levels varied up to about threefold from donor to donor, CCR5 was expressed, on average, at similar levels per cell in CCR2-64I/64I compared to CCR2 ϩ/ϩ CD4 ϩ T cells (average mean fluorescence intensities of 54 and 74, respectively). While a slight decrease was noted on the CCR2 64I/64I cells, this difference was not statistically significant (p ϭ 0.121). CCR2 ϩ/64I donor cells (n ϭ 8) had levels of cell surface CCR5 indistinguishable from those of CCR5/CCR2 wild-type cells (n ϭ 7, p ϭ 0.6 [data not shown]). Consistent with earlier reports, CCR5 ϩ/⌬32 CD4 ϩ T cells expressed reduced amounts of cell surface CCR5 (p ϭ 0.002) (40, 50) , and CCR5 ⌬32/⌬32 cells lacked detectable cell surface CCR5.
CCR2 levels on CD4 ϩ T cells of each genotype were similar. CCR5 ⌬32/⌬32 CCR2 ϩ/ϩ cells expressed about 20% more CCR2 than cells of the other genotypes; however, since there were only three donors in this category, the difference was not statistically significant. CXCR4 levels were similar for each haplotype. Taken together, these findings suggest that CCR2-64I is not associated with a major alteration in CCR5, CCR2, or CXCR4 expression.
CCR5 and CCR2 mRNA levels in cells of each genotype. Because CCR2-64I is associated with linked polymorphisms in the CCR5 promoter, it is possible that CCR5 mRNA levels are altered in CCR2 64I/64I or ϩ/64I T cells. To test this possibility, RNA was purified from PBMC of members of the REDS repository and used as a template in RT-PCR with primers detecting CCR5-⌬32 (27) or CCR2-64I (32) . In this analysis, compound heterozygotes, CCR5 ϩ/⌬32 CCR2 ϩ/64I, were particularly informative. In such cells, transcripts derived from the two alleles could be distinguished by size, thereby permitting a direct comparison of the transcriptional activity of the CCR5-⌬32 allele with that of the CCR2-64I-linked CCR5 allele.
Semiquantitative RT-PCR analysis showed a remarkable similarity in CCR5 transcript abundance in the cells of each donor (Fig. 2) . This consistency contrasted with the variability of CCR5 cell surface expression levels found in this and previous studies (50) . For example, T cells of donors 3, 18, and 33 contained average amounts of CCR5 mRNA transcript but expressed about twofold more cell surface CCR5 than average (Fig. 1) . Quantitation of the band intensities from the cells of each compound heterozygote showed the wild-type CCR5 and CCR5-⌬32 transcripts at similar levels (data not shown). The intensity of the band for the CCR5 ϩ/ϩ donors was close to double that of each of the two bands for the heterozygotes (17.2 ϫ 10 6 Ϯ 3.5 ϫ 10 6 versus 6.1 ϫ 10 6 Ϯ 2.1 ϫ 10 6 , respectively).
CCR5-⌬32 alleles are genetically linked to a single nucleotide polymorphism, 29G, in the promoter region (36) that could conceivably affect transcription of the CCR5 ⌬32 allele. However, the intensity of the single band in the CCR5 ⌬32/⌬32 cells was similar to that of the CCR5 ϩ/ϩ cells. Thus, 29G does not appear to affect CCR5 promoter function. CCR2 64I/64I cells contained amounts of CCR5 transcript equivalent to those of CCR2 ϩ/ϩ donors. A similar RT-PCR analysis of CCR2 mRNA transcript levels in each of the donor PBMC showed that this transcript was also present at nearly identical levels in the cells of each haplotype (data not shown).
While the accuracy of RT-PCR is limited, our analysis appears to have been sufficiently accurate to detect small differences mRNA abundance. For example, in CCR5 ϩ/⌬32 cells, the band intensities of the wild-type and CCR5 ⌬32 transcript were close to 50% that of the single CCR5 band in CCR5 ϩ/ϩ cells (Fig. 2) . Furthermore, care was taken to ensure that the band intensities detected were within the linear range of the PCR, as demonstrated by amplifying serial dilutions of CCR5 plasmid DNA. Taken together, these data suggest that the CCR2-64I polymorphism is not associated with differences in mRNA transcription or stability. The differences found in cell surface CCR5 levels of various donors may thus reflect posttranscriptional control.
HIV growth kinetics on T cells of each genotype. Because CCR5-⌬32 and CCR2-64I are associated with decreased rates of pathogenesis in infected individuals, we tested whether the mutations are associated with decreased ability of T cells to support virus replication. PBMC of the genotypes CCR5 ϩ/ϩ CCR2 ϩ/ϩ, CCR5 ϩ/ϩ CCR2 64I/64I, and CCR5 ⌬32/⌬32 CCR2 ϩ/ϩ were activated with PHA-IL-2 and infected at low MOI with M-tropic (JR.FL, MJM, and JCD) or T-cell-tropic (T-tropic) (SF33) HIV-1 isolates. Supernatant p24 gag concentrations were measured every other day over 3 weeks. The concentration at the day of peak production is shown for each of the donors in Fig. 3 . While considerable variability was found in the extent and rate of virus replication in the activated Chemokine production by donor cells of each genotype. Paxton et al. (41) showed that activated CCR5 ⌬32/⌬32 CD4 ϩ T cells produced 5-to 10-fold more of the three CCR5 ligands MIP1-␣, MIP1-␤, and RANTES than wild-type T cells. CCR5 ϩ/⌬32 T cells expressed slightly elevated levels of the three chemokines (40) . Because of the inhibitory properties of these chemokines on HIV replication, we tested whether CCR2-64I is associated with increased chemokine production. Chemokine levels in the supernatants of resting and PHA-IL-2-activated T cells from each of the CCR5/CCR2 haplotypes were measured. In the majority of donors cells, activation with PHA and IL-2 induced MIP-1␣ about 100-fold (0.1 to 35 ng/ml [Fig.  4] ). There was no significant difference in chemokine production between the wild-type and CCR2 64I/64I cells (p ϭ 0.92). Interestingly, some of the CCR5 ϩ/⌬32 or ⌬32/⌬32 donor cells (donors 15, 27, 30, 35, and 17) produced high levels of chemokine prior to activation, an effect that may be related to the increased chemokine production associated with ⌬32 reported previously (40) . Similar results were obtained for RANTES and MIP-1␤ (not shown). Thus, in contrast to CCR5 ⌬32, the CCR2-64I allele was not associated with increased chemokine secretion.
CCR2-64I function in transduced cell lines. To investigate possible differences in CCR2-64I function, we tested whether CCR2-64I was expressed efficiently at the cell surface and was able to transduce signals in response to ligand binding. HOS. CD4 cell lines stably expressing CCR2 or CCR2-64I were established by infecting them with pBABE retroviral vectors. FACS analysis of the cell lines with anti-CCR2 MAb 1D9 showed that the wild-type and mutant receptors were expressed at comparable levels on the cell surface (Fig. 5A) . The cell lines responded to saturating amounts of MCP-1 with similar [Ca 2ϩ ] fluxes (Fig. 5B) . Addition of suboptimal amounts of MCP-1, -2, and -3 showed smaller [Ca 2ϩ ] fluxes that were indistinguishable in the two different cell lines (not shown).
Absence of dominant negative effect of CCR2-64I on CCR5. One mechanism by which the CCR2-64I polymorphism could influence AIDS progression rates was if the variant CCR2 molecule interacted with CCR5 to interfere with coreceptor function. Such an interaction was detected previously by Benkirane et al. (3), who reported that the truncated CCR5 protein encoded by the CCR5 ⌬32 allele interfered with expression of the wild-type molecule. Oligomerization of CCR5 (3) and other G-protein-coupled receptors (17) has also been reported.
To test whether expression of CCR2-64I could inhibit CCR5 expression, HOS.CD4.CCR5 and CEMx174.CCR5 cell lines stably expressing CCR2 or CCR2-64I were established. FACS analysis with anti-CCR5 MAb 2D7 showed that CCR2-64I or wild-type CCR2 did not affect CCR5 expression levels in HOS.CD4.CCR5 cells (Fig. 6A) . A small decrease in CCR5 expression was noted in the CEMx174 cells, but this decrease was similar for both CCR2 and CCR2-64I. This could have resulted either from a masking effect of the 2D7 epitope as a result of CCR2 expression or from a small decrease in expres- sion from the integrated retroviral vector upon long-term culture.
To test whether CCR2 or CCR2-64I molecules have a dominant negative effect on CCR5 coreceptor function, HOS. CD4.CCR5 and CEMx174.CCR5 cells that stably expressed CCR2 or CCR2-64I were infected with single-cycle luciferase reporter viruses pseudotyped by M-tropic Env glycoprotein derived from HIV-1 JR.FL or by VSV-G (11). The JR.FL pseudotypes entered with similar efficiency into HOS.CD4 or CEMx174 cells expressing CCR5 alone or in conjunction with CCR2 or CCR2-64I (Fig. 6B) . They did not detectably infect cells expressing CCR2 or CCR2-64I in the absence of CCR5. VSV-G pseudotypes entered with similar efficiency into each of the cell types, confirming that postentry effects did not play a role. Similar analyses were performed on transiently cotransfected 293 cells with similar results (data not shown).
CCR2-64I-associated CCR5 promoter activity assay. CCR5 transcription initiates at two positions, the first designated nt ϩ1 (37) and a second that has been localized by primer extension (16, 35) or 5Ј-RACE (rapid amplification of 5Ј cDNA ends) (28, 37) to a more proximal region (Fig. 7A) . Transcription at the proximal start site is driven by the downstream promoter, Pd, that has been localized to within 1 kb of the start site and that contains consensus binding sites for several transcription factors, including STAT, AP1, TF2D, and CD28RE (16, 28, 35) . Introduction of mutations into these sites in reporter plasmids reduces promoter function in transfection analyses (28) .
Sequencing of promoter regions of CCR2-64I-linked alleles derived from CCR2 64I/64I genomic DNA revealed four nucleotide substitutions compared to the wild-type CCR2-linked allele defined by the sequence previously deposited in GenBank (accession no. U95626). These included 208G, 303A, 627C, and 676A, all of which were present on each of eight CCR2 64I/64I-associated genomic fragments sequenced but not on those from four wild-type donors and are identical to those previously described by others (22, 36) . Because these substitutions fall within the Pd promoter, they could conceivably affect CCR5 promoter function.
To determine whether the CCR2-64I-associated CCR5 promoter polymorphisms influenced promoter activity, we constructed plasmids in which the 1-kb genomic promoter region (Fig. 7A) derived from CCR2 ϩ/ϩ or CCR2 64I/64I individuals was linked to a luciferase reporter gene, using the approach that we previously found effective for studying CCR5 promoter activity (28) . The plasmids were used to transfect Jurkat cells, and luciferase activity in the cells was measured 3 days later. This analysis showed that each of the four CCR2 64I-associated CCR5 promoters was as active as the wild-type promoter in this assay (Fig. 7C) .
DISCUSSION
The findings reported here do not support an association of CCR2-64I with decreased CCR5 mRNA or protein expression. The amounts of CCR5 mRNA transcripts derived from wildtype and CCR2-64I-associated alleles were nearly identical in resting and activated donor PBMC of each of the CCR5/CCR2 genotypes. Furthermore, there appeared to be no correlation between the CCR2-64I genotype and levels of cell surface CCR5 on activated CD4 ϩ T cells. A small reduction in CCR5 levels on the CCR2 64I/64I cells was noted; however, this difference did not reach statistical significance. Analysis of larger numbers of CCR2-64I/64I donors will be required to determine whether the mutation has a small effect on CCR5 expression. However, clearly, the 64I polymorphism in its heterozygous state has an effect on AIDS progression similar to that of heterozygosity for ⌬32 yet does not cause a similar 50% reduction in CCR5 cell surface levels. While CCR2-64I is linked to at least four mutations in the genomic region containing the two CCR5 promoters, direct measurement of CCR5 promoter transcriptional activity in a reporter assay failed to show any difference in function between the wild-type and CCR2-64I-linked CCR5 promoter containing the four nucleotide substitutions. However, with this in vitro assay, it is difficult to completely rule out an association of CCR2-64I with altered promoter function. T-cell activation in vivo may differ from PHA-IL-2 activation as used in this study, and thus subtle differences in CCR5 regulation could have been missed. In vivo, CCR5 expression on T cells is influenced by signaling through CD28 (8) and by cytokines such as IL-2 (6) and IL-4 (48) . In addition, it is possible that the promoter polymorphisms have an effect on CCR5 expression in monocytes or dendritic cells, which were not tested here.
Our findings also argue against a role for the CCR2-64I valine-to-isoleucine missense mutation in HIV-1 replication. Expression of wild-type CCR2 or CCR2-64I in cell lines affected neither CCR5 expression nor infectability by M-tropic virus. Moreover, donor T cells from CCR2 ϩ/64I and CCR2-64I/64I individuals were as infectable as CCR2 ϩ/ϩ cells. The valine-to-isoleucine mutation did not influence ligand binding as measured by ability to flux Ca 2ϩ or by 125 I-MCP-1 binding (28a).
While levels of CCR5 and CCR2 mRNA were very similar from donor to donor, cell surface expression levels of the two chemokine receptors varied considerably in our study and that of Wu et al. (50) . This could be due to posttranscriptional regulatory mechanisms that influence CCR5 expression. Seven transmembrane G-protein-coupled receptors are endocytosed in response to ligand binding, C-terminal phosphorylation, and association with arrestins (reviewed in reference 23). Following ligand binding, receptors such as CCR1, CCR5, and CXCR4 are rapidly phosphorylated by G-protein receptor kinases and endocytosed (1, 46) . Donor differences in any of these processes could conceivably influence CCR5 cell surface levels. Whether any of these mechanisms accounts for the association of CCR2-64I with decreased pathogenicity is not clear since none of the genes whose products are involved in these pathways are known to be genetically linked to CCR2.
During the preparation of this report, Lee et al. (26) reported similar findings on lack of influence of the CCR2-64I polymorphism on CCR5 expression or coreceptor function. Consistent with the findings reported here, they found that CCR2 ϩ/64I donor T cells supported wild-type levels of virus replication and expressed wild-type levels of cell surface CCR5. In addition, they found that CCR2-64I did not have dominant negative activity on CCR5 function in transiently transfected 293 cells, a finding consistent with those reported here. In that study, CCR2-64I was associated with decreased CXCR4 cell surface expression. This difference was not apparent in our study and could be related to differences in the particular donors used in each analysis.
If CCR2-64I is not associated with decreased CCR5 transcription and the CCR2-64I molecule does not have dominant negative activity, how does it influence HIV-1 pathogenesis? It seems likely that other, as yet unidentified polymorphisms are involved. Such polymorphism could lie in linked genes that are unrelated to CCR5 or other chemokine coreceptors. One possibility is that there is a yet unidentified gene linked to CCR2-64I that encodes a polymorphic gene that plays a role in the immune response to HIV. Such a gene remain to be identified.
